Class switch DNA recombination (CSR) from IgM to IgG and IgA is crucial for antiviral immunity. Follicular B cells undergo CSR upon engagement of CD40 by CD40 ligand on CD4
C lass switching from IgM to IgG and IgA is essential to neutralize viruses systemically and at mucosal sites of entry (1) . Most Ags initiate class switching by up-regulating CD40 ligand (CD40L) 3 on CD4 ϩ T cells (2) . Engagement of CD40 on B cells by CD40L triggers a germinal center (GC) reaction that fosters Ig gene diversification through class switch DNA recombination (CSR) and somatic hypermutation (3) . CSR substitutes the C H region of IgM with that of IgG, IgA or IgE, thereby modulating the effector functions of Abs without changing their specificity for Ag (4) . Somatic hypermutation increases the affinity of Abs for Ag by introducing point mutations in the V(D)J genes encoding the V H and V L regions of Abs (5) .
Although generating memory B cells and plasma cells expressing high-affinity Abs (6), T cell-dependent B cell responses require 5-7 days, which is too much of a delay to quickly neutralize replicating pathogens. To compensate for this limitation, specialized B cell subsets such as B-1 and splenic marginal zone B cells rapidly produce IgM as well as class-switched IgG and IgA through a T cell-independent (TI) pathway involving B cell-activating factor of the TNF family (BAFF; also know as BLyS) and a proliferation-inducing ligand (APRIL) (7) (8) (9) . This TI pathway yields not only low-affinity and polyreactive Abs encoded by unmutated V(D)J genes (10 -12) but also high-affinity carbohydrate-specific Abs encoded by mutated V(D)J genes, at least in humans (13) . By recognizing highly conserved microbial molecular patterns, including neutralizing epitopes on viral envelopes, TI Ab responses would provide a first line of defense against infections (11, 14 -16) .
Growing evidence indicates that dendritic cells (DCs) play an important role in the initiation of TI Ab responses. DCs release innate B cell-stimulating and Ab-inducing factors, including BAFF and APRIL, after sensing microbes through TLRs (17) (18) (19) (20) (21) . In addition to stimulating various DC subsets (22) (23) (24) , TLRs activate B cells (19, 25) . A typical TLR with powerful B cell-activating functions is TLR9, an innate Ag receptor that binds hypomethylated deoxycytidylate-phosphate-deoxyguanylate (CpG)-rich DNA from viruses and bacteria (26 -28) . Although sufficient to stimulate CSR (29 -31), CpG DNA requires BAFF or APRIL to induce optimal *Department of Pathology and Laboratory Medicine, † Biochemistry, Cell and Molecular Biology Allied Program, and IgG and IgA production (29, 32) . Of note, BAFF and APRIL are released by myeloid DCs (mDCs) in response to IFN-␣, which is in turn produced by plasmacytoid dendritic cells (pDCs) exposed to TLR9 ligands (23, (33) (34) (35) . Thus, TI IgG and IgA responses to viruses may involve a cross-talk between B cells and various DC subsets via TLRs.
TLR9 initiates CSR through NF-B (29, 30) . This transcription factor is retained in an inactive cytoplasmic form by IB (inhibitor of NF-B) proteins (36) . By recruiting MyD88, TNFR-associated factor 6 (TRAF6) and activating IL-1R-activated kinases (IRAKs), TLR9 activates IB␣ kinase (IKK), which phosphorylates IB (22) . The ensuing IB degradation permits nuclear translocation of NF-B. Binding of NF-B to B sites on intronic (I) promoters upstream of targeted C H genes initiates transcription of these genes (29, 30) . This early CSR event is followed by the recruitment of activation-induced cytidine deaminase (AID) to switch (S) regions intercalated between an I exon and the C H gene (2, 4) . AID promotes IgG CSR by favoring the formation of double-strand DNA breaks within targeted S regions (2) (3) (4) . Of note, TLR9 signaling via NF-B not only initiates germline I H -C H transcription but also up-regulates the expression of AID (29) .
Although most TLRs signal via MyD88, the viral dsRNA receptor TLR3 requires the adapter protein Toll/IL-1R domain-containing protein inducing IFN-␤ (TRIF) (22, 37, 38) . In mice, DCs and B cells express TLR3 and undergo TRIF-dependent activation of NF-B upon exposure to viral dsRNA (37) . Human TLR3 is positive in mDCs and in some B cells (20, 33, 39, 40) , raising the possibility that viral dsRNA triggers TI Ab responses in humans as it does in mice (37, 41) .
We found that human upper respiratory mucosa B cells expressed functional TLR3. In the presence of dsRNA, these B cells initiated germline C H gene transcription through an NF-B-dependent signaling pathway requiring TRIF but not MyD88. Up-regulation of AID expression, CSR as well as IgG and IgA production, involved IL-10 and BAFF, two B cell-stimulating factors released by TLR3-expressing mDCs upon exposure to dsRNA. These in vitro findings were complemented by in vivo data showing active TLR3 signaling and ongoing CSR as well as IgG and IgA production in the mDC-rich subepithelial region of the upper respiratory tract of patients with CD40 signaling defects.
Materials and Methods

B cells
Human B cells were negatively selected from peripheral blood and tonsillar mononuclear cells with a commercially available kit (Miltenyi Biotec). Buffy coats from healthy donors were purchased at the New York Blood Center (New York, NY) and used to isolate PBMCs. Tonsillar mononuclear cells were obtained from tissue specimens of patients undergoing tonsillectomy for tonsillar hypertrophy. The Institutional Review Board of Weill Medical College of Cornell University (New York, NY) approved the use of tonsil specimens for this study, and patients provided informed consent. IgD ϩ B cells were magnetically sorted by the incubation of total B cells with a biotinylated IADB6 mAb to IgD (Southern Biotechnologies) and streptavidin microbeads (Miltenyi Biotec) specifically designed to minimize BCR cross-linking. All sorting procedures were done on ice. Tonsillar IgD ϩ CD38 Ϫ , IgD ϩ CD38 ϩ , IgD Ϫ CD38 ϩ , and IgD Ϫ CD38 Ϫ B cell subsets were sorted as reported (42) . 2E2 is a TLR3-expressing subclone of CL-01, a human IgD ϩ B cell line that initiates germline Ig gene transcription after exposure to appropriate stimuli (29) .
Dendritic cells
mDCs were obtained from peripheral blood monocytes. Briefly, monocytes were sorted with a biotinylated mAb to CD14 (Serotec) and streptavidin microbeads and then cultured for 6 days in RPMI 1640 medium (Invitrogen) supplemented with 5% human AB serum (Sigma-Aldrich), 1,000 U/ml GM-CSF (Berlex Laboratories), 1,000 U/ml IL-4, and 25 ng/ml TNF-␣ (R&D Systems). Every 2 days, 400 l of medium was removed from each well and replaced by 500 l of fresh medium with appropriate cytokines. After 6 days, Ͼ95% of the cells in culture expressed DC-specific Ags, including CD11c, DEC-205, and DC-SIGN (DC-specific ICAM-3-grabbing nonintegrin).
Cultures and reagents
Cultures were conducted in complete RPMI 1640 medium supplemented with 10% bovine serum. Recombinant human BAFF (Alexis Biochemicals), IL-10 (Schering-Plough), IFN-␣ (Sigma-Aldrich), and soluble trimeric CD40L (Immunex) were used at 250 ng/ml, 50 ng/ml, 200 ng/ml, and 250 ng/ml, respectively. A polyclonal Ab (pAb) to the -chain of surface Ig (Caltag Laboratories) and polyinosinic/cytidylic acid (poly(I:C)) were used at 2 g/ml and 10 g/ml, respectively, unless otherwise indicated.
Flow cytometry
Monocytes, mDCs, and B cells were stained with the fluorescein-, PE-, or allophycocyanin-conjugated mAbs 1D6 to BAFF, eB-h209 to DC-SIGN (eBioscience), HL3 to CD11c, MoP9 to CD14, 3/23 to CD40, 16-10A1 to CD80, HB-15e to CD83, GL-1 to CD86, M5-115 to HLA-II, MG38 to DEC-205, 19.2 to mannose receptor, HIT2 to CD38, 2H7 to CD20, IA6-2 to IgD (BD Pharmingen), and TLR.7 to TLR3 (Imgenex). Intracellular TLR3 and AID stainings were performed with B cells treated with a 0.2% saponin permeabilization buffer. AID was detected with pAb H80 (Santa Cruz Biotechnologies). Preliminary experiments showed that pAb H80 stained AID-positive Ramos B cells but not AIDnegative 293 epithelial cells. At least 1 ϫ 10 4 viable cells were acquired with a FACScalibur analyzer (BD Pharmingen). Histogram shifts were analyzed with the Kolmogorov-Smirnov test included in the CellQuest software (BD Pharmingen) and were considered statistically significant at a p Ͻ 0.001.
ELISAs
Total IgG, IgA, and IgM Abs as well as BAFF and IL-10 were detected by standard ELISAs as reported (18, 20) . Readings were done at 450 nm.
B cell proliferation and survival assays
B cells (1 ϫ 10 6 /ml) were incubated for 10 min. at 37°C in prewarmed PBS containing 0.1% BSA and 1 M CFSE (Renovar). Staining was quenched by adding 5 volumes of ice-cold culture medium and through incubation on ice for 5 min. Then, CFSE-stained B cells were washed twice with fresh medium, resuspended in complete medium, and finally seeded for in vitro culture. Proliferation was measured through flow cytometry by quantifying the percentage of B cells that had diluted CFSE after 6 days. Viability was measured through flow cytometry by quantifying the percentage of B cells impermeable to 7-amino-actinomycin D (7-AAD) (eBioscience).
Tissue samples
Tonsil tissue samples were obtained from donors with tonsillar hypertrophy and from 1 patient with hyper-IgM (HIGM) syndrome. This patient was an 11-mo old male with recurrent bacterial infections, intermittent anemia, mild neutropenia, thrombocytopenia, chronic splenomegaly, hepatomegaly, polyclonal B cell hyperplasia, elevated serum IgM (2880 mg/ dL; normal range: 26 -105), reduced total serum IgG (270 mg/dL; normal range: 277-746), reduced total serum IgA (11 mg/dL; normal range: 12-73), and reduced tetanus-specific serum IgG. Lymphocyte subpopulations were normal and phenotypic and molecular studies failed to identify common HIGM-associated gene defects. Intestinal tissue sections were obtained from a HIGM3 patient carrying a mutated TNFRSF5 gene encoding CD40. This CD40-deficient patient corresponds to "patient 1" described elsewhere (43) . The Institutional Review Board of Weill Medical College of Cornell University approved the use of tissue specimens for this study and patients provided informed consent.
Immunohistochemistry
Paraformaldehyde-fixed frozen tissue sections 5-m thick were stained with various combinations of the following primary Abs to human Ags: fluorescein-conjugated mouse mAb IA6-2 to IgD (BD Pharmingen); biotin-conjugated goat F(abЈ) 2 
RT-PCR and quantitative real-time RT-PCR (QRT-PCR)
Total RNAs were prepared using TRIzol (Invitrogen). cDNA was synthesized from total RNA as described (18) . TLR3, TLR4, TLR9, TNFSF13B, and ACTB transcripts were amplified by RT-PCR for 25 cycles as reported (20, 29, 44) . QRT-PCR analyses were done in triplicate on an ABI PRISM 7900HT sequence detection system (Applied Biosystems) with the SYBR Green PCR kit from Applied Biosystems as instructed by the manufacturer. The amount of mRNA was normalized relative to the amount of ACTB mRNA. The generation of amplification products of only the correct size was confirmed by dissociation curve and agarose gel electrophoresis. The relative level of expression (RE) for a specific gene were calculated according to the equation: REn ϭ 2
, ⌬Ct ϭ Ct/test gene Ϫ Ct/ACTB, where Ct is cycle threshold, n is specific sample, and l is the sample with the lowest expression level. The following primer pairs were used: ACTB, 5Ј-GGATG CAGAAGGAGATCACT-3Ј (forward) and 5Ј-CGATCCACACGGAGTAC TTG-3Ј (reverse); AICDA, 5Ј-AGAGGCGTGACAGTGCTACA-3Ј (forward) and 5Ј-TGTAGCGGAGGAAGAGCAAT-3Ј (reverse); I -C , 5Ј-GTGATTA AGGAGAAACACTTTGAT-3Ј (forward) and 5Ј-AGACGAGGGGGAAA AGGGTT-3Ј (reverse); I ␥ 1-C ␥ 1, 5Ј-GACCTGAGCTCAGGAGGCAGCAG AGACC-3Ј (forward) and 5Ј-GAAGACCGATGGGCCCTTGGTGGA-3Ј (reverse); TLR3, 5Ј-TGACTGAACTCCATCTCATGTCC-3Ј (forward) and 5Ј-CCATTATGAGACAGATCTAATGTG-3Ј (reverse); and TNFSF13b, 5Ј-ACCGCGGGACTGAAAATCT-3Ј (forward) and 5Ј-CACGCTTATTTCTGC TGTTCTGA-3Ј (reverse).
Genomic DNA PCRs
Genomic DNA was extracted by using the QIAmp DNA mini kit (Qiagen). Deletional S ␥ -S switch circles and ␤-actin were amplified from 500 ng of genomic DNA as described. The conditions were denaturation for 1 min. at 94°C, annealing for 1 min. at 68°C, and extension for 4 min at 72°C for two rounds of 30 cycles. Before each PCR, DNA was denaturated for 5 min at 94°C. The identity of PCR products with switch circles was confirmed by DNA sequencing.
Southern blots
PCR products were fractionated onto agarose gels, transferred overnight to nylon membranes, and hybridized with radiolabeled probes as described (18, 45, 46) . S ␥ -S switch circles were hybridized with a probe recognizing the recombined S region (18) . I ␥ -C and I -C transcripts were hybridized with a probe encompassing nt 1-250 of the first C exon (18) . 
Luciferase (Luc) reporter assays
Immunoblots
Equal amounts of cytoplasmic or nuclear proteins were fractionated onto a 10% SDS polyacrylamide gel and transferred onto nylon membranes (BioRad Laboratories). After blocking, membranes were probed with primary pAbs to actin (I-19) (Santa Cruz Biotechnologies) or phosphoserine 32/ phosphoserine 36-IB␣ (5A5) (Cell Signaling Technology). Then, membranes were washed and incubated with an appropriate peroxidase-conjugated secondary polyclonal Ab (Santa Cruz Biotechnologies). Proteins were detected with an ECL detection system (Amersham Biosciences).
Statistical analysis
Values were calculated as mean SD for at least three separate experiments done in triplicate. The significance of differences between experimental variables was determined with the paired Student's t test.
Results
Upper respiratory mucosa B cells express TLR3
The respiratory mucosa constitutes a major site of entry for viruses. In mice, B cells can initiate quick IgG and IgA responses to viruses in a TI fashion (14, (47) (48) (49) . These responses are thought to involve TLRs, including TLR3, which binds viral dsRNA (20, 22, 37, 41, 50, 51) . In initial experiments, we took advantage of immunohistology to determine the expression of TLR3 in B cells from human tonsils, an upper respiratory district heavily exposed to viruses. TLR3 was abundant in mucosa-associated GCs, which are typically populated by actively class switching/postswitched IgD Ϫ B cells (Fig. 1A) . Although more variable, TLR3 expression was positive in the mantle zone of mucosa-associated follicles, which is comprised of preswitched IgD ϩ B cells, and in the mucosal subepithelium, which contains both postswitched IgD Ϫ and preswitched IgD ϩ B cells (Fig. 1B) . Of note, scattered follicular mantle and subepithelial B cells expressed as much TLR3 as GC B cells. Appropriate controls confirmed the specificity of TLR3 tissue staining (Fig. 1, C-E) .
The expression of TLR3 by tonsillar B cells was further investigated by flow cytometry and RT-PCR. Flow cytometry required permeabilization of B cells due to the predominant cytosolic topography of TLR3. In general, preswitched IgD ϩ CD38 Ϫ B cells, a naive subset colonizing the mantle zone of mucosa-associated follicles (52, 53) , expressed low but significant levels of TLR3 protein and TLR3 transcripts (Fig. 1, F and G (39, 40) , all mucosal B cell subsets expressed TLR9 but lacked TLR4 transcripts. These data indicate that B cell subsets from the upper respiratory mucosa express distinct TLR3 expression patterns.
Mucosal B cells proliferate in response to viral dsRNA
Having shown TLR3 expression by upper respiratory mucosal B cells, we evaluated the ability of these B cells to mount a functional response to poly(I:C), a synthetic analog of viral dsRNA. We chose to analyze B cell proliferation, because this function is effectively elicited by TLR ligands (25) . To optimize dsRNA-induced B cell proliferation, B cells were also incubated with BAFF, a TLR-inducible B cell-stimulating factor present in the microenvironment of the upper respiratory mucosa (20) . Flow cytometrybased assays measuring CFSE dilution showed that a fraction of naive IgD ϩ CD38 Ϫ B cells proliferated in the absence of poly(I:C) or BAFF ( Fig. 2A) , perhaps as a result of their prior exposure to microenvironmental cues in vivo. A larger fraction of founder-GC/activated IgD ϩ CD38 ϩ B cells and GC IgD Ϫ CD38 ϩ B cells proliferated in the absence of poly(I:C) or BAFF. These findings were confirmed by immunohistology, which demonstrated the presence of the nuclear proliferation Ag Ki-67 not only in (Fig. 2B) .
Poly(I:C) combined with BAFF increased the proliferation of a variable fraction of naive, founder GC/activated, and GC B cells, whereas poly(I:C) alone or BAFF alone induced no or little proliferation. As shown by subsequent experiments (see below), the proliferative effect of poly(I:C) and BAFF was genuine as it was dissociated from the ability of these stimuli to increase B cell survival. Finally, consistent with their inability to express TLR3, memory IgD Ϫ CD38 Ϫ B cells did not proliferate in response to poly(I:C) alone or combined with BAFF. These data indicate that upper respiratory mucosal B cell subsets express a functional TLR3.
Mucosal B cells up-regulate AID and undergo CSR in response to viral dsRNA
Having shown that upper respiratory mucosal B cells express a functional TLR3, we wondered whether dsRNA was capable of inducing CSR. First, we evaluated the expression of AID protein, a hallmark of ongoing CSR, in permeabilized tonsillar B cells by flow cytometry. We found that AID expression was mostly confined to the IgD Ϫ fraction of tonsillar B cells (Fig. 3A) , thereby confirming the specificity of our flow cytometry-based assay. As expected, these postswitched/switching IgD Ϫ AID ϩ B cells coexpressed CD38 (not shown), indicating their origin from the GC (52, 55) . Then, we verified the ability of poly(I:C) to induce AID expression in the naive and founder GC fractions of preswitched IgD ϩ B cells. These experiments were conducted in the presence of IL-10, as this cytokine is abundantly expressed by mucosal mDCs and was shown in prior studies to induce CSR in cooperation with various TLR ligands (18, 20, 29, 44, 46 ). In the presence of poly(I:C) and IL-10, a subset of naive IgD ϩ CD38 Ϫ B cells up-regulated the expression of AID (Fig. 3B ). This up-regulation was less evident in IgD ϩ CD38 ϩ B cells, perhaps because these cells had already received CSR-inducing signals in vivo. Indeed, some IgD ϩ CD38 ϩ B cells constitutively expressed AID. Alternatively, IgD ϩ CD38 Ϫ B cells may contain subpopulations highly responsive to viral dsRNA. Consistent with this possibility, the CD27 ϩ fraction of tonsillar IgD ϩ CD38 Ϫ B cells, which dwells in the subepithelial area and constitutes the tonsillar counterpart of splenic marginal zone B cells (13, 54) , expressed more TLR3 than founder GC/activated IgD ϩ CD38 ϩ B cells (not shown). As shown by subsequent experiments (see below), poly(I:C) and IL-10 did not significantly enhance the baseline proliferation or the survival of IgD ϩ CD38 Ϫ B cells, further indicating the ability of dsRNA to deliver genuine CSR-inducing signals.
Then, we used RT-PCR-based assays to verify whether poly(I:C) and IL-10 were capable of inducing additional molecular hallmarks of ongoing CSR. These experiments were conducted with preswitched IgD ϩ B cells inclusive of both naive and founder GC/activated fractions, because we had already established that poly(I:C) and IL-10 predominantly target naive B cells. Furthermore, we reasoned that regardless of their phenotype and activation state, IgD ϩ B cells contain genomic switch regions in germline configuration and therefore are suitable for in vitro assays measuring the induction of CSR. In the presence of poly(I:C) alone or combined with IL-10, tonsillar IgD ϩ B cells up-regulated the expression of AID (AICDA) transcripts (Fig. 3C) as well as that of germline I ␥ -C ␥ transcripts (Fig. 3D) , an early event in IgG CSR (4). These effects were not induced by IL-10 alone. Tonsillar IgD ϩ B cells exposed to poly(I:C) and IL-10 induced extrachromosomal S ␥ -S switch circular genomic DNA (Fig. 3E) as well as switch I ␥ -C circle transcripts (Fig. 3F) , two hallmarks of ongoing IgG CSR (18, 56) . Similar culture conditions induced germline I ␣ -C ␣ transcripts, extrachromosomal S ␣ -S switch circular genomic DNA, and switch I ␣ -C circle transcripts (not shown), which are hallmarks of ongoing IgA CSR. These data strongly suggest that mucosal B cells undergo CSR in response to TLR3 engagement by viral dsRNA.
Mucosal B cells exhibit active TLR3 signaling and ongoing CD40-independent CSR
We next wished to reinforce our in vitro data by providing in vivo evidence of TLR3-mediated CSR. Prior findings indicate that TLR ligands elicit TI IgG and IgA responses in the subepithelial district of the respiratory mucosa (20) . Thus, we used immunohistology to verify the expression of AID by class-switched B cells populating the subepithelium of the upper respiratory mucosa. We reasoned that the presence of AID in these B cells would strongly indicate in situ CSR (56) . We found that the subepithelial and epithelial areas of the tonsillar mucosa contained IgG ϩ TLR3 ϩ AID ϩ B cells (Fig. 3, G-I (57) . HIGM1 (type 1 HIGM) and HIGM3 (type 3) are associated with CD40L and CD40 deficiencies, respectively, whereas HIGM2 (type 2) is caused by AID deficiency (57) . Finally, HIGM4 (type 4) is caused by various intrinsic B cell defects, including CD40 signaling defects, whereas HIGM5 (type 5) involves a deficiency of uracil DNA glycosylase, an enzyme downstream of AID (57) . We performed immunohistological studies on mucosal tissue specimens from patients with HIGM3 and HIGM4, two entities associated with impaired GC formation as well as defective IgG and IgA class switching (57) . In these studies we looked for subepithelial B cells expressing classswitched isotypes as well as AID and phosphorylated TLR3 (pTLR3), a hallmark of active TLR3 signaling (58) .
In healthy control subjects, IgG ϩ AID ϩ pTLR3 ϩ B cells (Fig.  4A) and IgA ϩ AID ϩ pTLR3 ϩ B cells (not shown) were detected in both the GC and subepithelial areas of the tonsillar mucosa. In the HIGM4 patient, IgG ϩ AID ϩ pTLR3 ϩ B cells (Fig. 4B ) and IgA ϩ AID ϩ pTLR3 ϩ B cells (not shown) were readily identified in the subepithelial area but not in the GC. Indeed, despite being hyperplastic, the mucosa-associated follicles from the HIGM4 patient lacked GCs. The lack of functional GCs could be inferred not only from the absence of class-switched isotypes and AID in the follicular area, but also from the absence of Bcl-6 (not shown), a hallmark of the GC reaction. Finally, IgG ϩ AID ϩ pTLR3 ϩ B cells (Fig. 4C) ϩ T cells (21, 59) . Thus, in agreement with the in vitro data, these in vivo findings suggest that TLR3 engagement by viral dsRNA triggers frontline CSR through an innate pathway that remains operative in the absence of GCs, CD40L, or CD4 ϩ T cells.
Mucosal B cells initiate CSR through a TRIF-dependent pathway in response to viral dsRNA
Having shown that mucosal B cells actively undergo CSR upon in vitro exposure to dsRNA, we wondered whether dsRNA exerts this effect through a canonical TLR3 pathway. First, we performed immunoblotting and reporter assays to evaluate whether B cells exposed to viral dsRNA activate NF-B, a transcription factor essential for CSR (2) . Activation of NF-B requires phosphorylation of its inhibitor IB␣ (36) . We found that tonsillar preswitched IgD ϩ B cells up-regulated IB␣ phosphorylation upon exposure to increasing amounts of poly(I:C) (Fig. 5A) . Similarly, poly(I:C) induced transcriptional activation of an NF-B-dependent minimal gene promoter in an IgD ϩ 2E2 B cell (Fig. 5B) , a TLR3-expressing subclone of the CL-01 B cell line (29) . In these B cells, poly(I:C) induced transcriptional activation of the I ␥ 1 promoter, a cis-regulatory C ␥ 1 gene sequence highly dependent on NF-B (29, 60) . This effect required TLR3, because enforced expression of dominant negative (DN)-TRIF inhibited poly(I:C)-induced NF-B-dependent gene transcription, whereas DN-MyD88 did not (Fig. 5C) . Thus, when exposed to viral dsRNA, mucosal B cells activate NF-B and initiate class switching by activating a TLR3-mediated signaling pathway involving TRIF. 
BAFF enhances viral dsRNA-induced IgG and IgA production in mucosal B cells exposed to dsRNA
Prior studies indicate that TLR ligands activate B cells in cooperation with innate immune mediators released by DCs, including BAFF and IFN-␣ (18, 20, 29, 32, (61) (62) (63) . Thus, we set up ELISAs to establish whether viral dsRNA cooperates with BAFF or IFN-␣ to induce IgG and IgA production in B cells from the upper respiratory mucosa. Compared with medium alone, IL-10 alone, or poly(I:C) alone, a combination of poly(I:C) and IL-10 induced more IgG and IgA production but comparable IgM production in tonsillar IgD ϩ B cells (Fig. 6,  A-C) . Flow cytometric assays measuring dilution of CFSE and permeability to 7-AAD established that this induction was not associated with an increased proliferation and survival of IgD ϩ B cells (Fig. 6, D and E) whether they had a naive or founder GC/activated phenotype (not shown). These findings indicate that IL-10 augments the class switch-inducing activity of viral dsRNA.
IFN-␣ increased the production of IgG but not that of IgA by tonsillar IgD ϩ B cells exposed to poly(I:C) alone or combined with IL-10. Induction of IgG was not associated with increased B cell proliferation and survival, indicating that IFN-␣ has a genuine IgG class switch-inducing effect when combined with viral dsRNA. As for BAFF, this innate immune mediator upregulated the production of both IgG and IgA by tonsillar IgD ϩ B cells exposed to poly(I:C) and IL-10. Such up-regulation was coupled with increased B cell proliferation and survival, indicating that BAFF promotes the expansion of B cells that have undergone class switching in response to poly(I:C) and IL-10. Finally, QRT-PCR-based assays showed that tonsillar IgD ϩ B cells exposed to IL-10, IFN-␣,or BAFF up-regulated the expression of TLR3 transcripts (Fig. 6F) , suggesting that these soluble factors enhance viral dsRNA-induced B cell responses by making B cells more responsive to dsRNA.
Mucosal TLR3-expressing mDCs up-regulate the CSR-inducing factor BAFF in response to viral dsRNA
Various DC subsets release BAFF, IL-10, and/or IFN-␣ upon exposure to microbial TLR ligands (18, 20, 29, 33) . Having shown that BAFF, IL-10, and IFN-␣ up-regulate viral dsRNAinduced IgG and IgA responses in vitro, we wondered whether upper respiratory mucosal B cells interact with DCs in vivo. By using immunohistology, we were able to detect abundant BAFF expression in the epithelial and subepithelial areas of the tonsillar mucosa (Fig. 7A) . These districts contained TLR3 ϩ BAFF ϩ mDCs that were extensively interacting with B cells, including IgD ϩ B cells. Mucosal IgD ϩ B cells were also in contact with CD123 ϩ BAFF ϩ (TLR3 Ϫ ) pDCs, suggesting that both mDC and pDC subsets participate in the initiation of frontline Ab responses to viral dsRNA. Then, we set up QRT-PCRand ELISA-based experiments to verify whether mDCs upregulate BAFF production in response to viral dsRNA. In the presence of poly(I:C), mDCs up-regulated the expression of BAFF-encoding TNFSF13b transcripts as well as the release of soluble BAFF protein (Fig. 7B) . In addition, these mDCs upregulated the expression of IL-10 transcripts as well as the release of soluble IL-10 protein (Fig. 7C) . Consistent with these findings, poly(I:C)-activated mDCs induced IgG and IgA production in IgD ϩ B cells (Fig. 7D ). The contribution of TLR3-activated mDCs to frontline TI IgA responses was further supported by immunohistological studies showing IgA-producing B cells in the subepithelial district of the upper respiratory mucosa of a patient with HIGM4 (Fig. 7E) . Unlike healthy controls, the HIGM4 patient completely lacked IgA-producing B cells in mucosa-associated follicles. These results paralleled those showing conserved subepithelial IgG production in the same HIGM4 patient. Overall, our data indicate that viral dsRNA can initiate TI IgG and IgA responses not only directly by activating TLR3-expressing B 
Discussion
We have reported in this article that B cells from the upper respiratory mucosa expressed TLR3 and underwent TRIF-dependent activation of the CSR-inducing transcription factor NF-B in response to dsRNA. In the presence of IL-10, viral dsRNA elicited germline C H gene transcription, AICDA expression, and CSR as well as IgG and IgA production in a CD40-independent fashion. The secretion of IgG and IgA was further enhanced by BAFF, an innate factor produced by mDCs in response to dsRNA. Consistent with these in vitro data, in vivo findings showed active TLR3 signaling as well as ongoing IgG and IgA CSR and production in the mDC-rich subepithelial regions of the upper respiratory and intestinal mucosal tracts of HIGM patients with CD40 signaling defects. Thus, we propose that viral dsRNA triggers frontline TI IgG and IgA responses by activating mucosal B cells through an innate pathway involving TLR3. A large body of evidence indicates that mouse B cells can generate quick Ab responses without requiring help from CD4 ϩ T cells through CD40L (14, (47) (48) (49) . Abs resulting from this TI pathway may play an important role in the initial control of infections by quickly replicating pathogens (7, 14) . In addition to IgM, early TI B cell responses yield class-switched IgG and IgA Abs, particularly at mucosal sites of entry (15) . Although IgA is more abundant than IgG in the digestive tract, IgG is more abundant than IgA in the respiratory tract, a mucosal district heavily exposed to viruses (64) . TI production of polyreactive IgA (and IgM) Abs may mediate steady-state containment of commensal microorganisms (65, 66) , whereas TI production of polyreactive IgG (and IgA) Abs would blunt infections by pathogens, including viruses, at a very early stage (47) (48) (49) (67) (68) (69) . Strikingly, TI Ab responses can even generate immune protection against viruses (14, 47, 48) .
Mucosal TI Ab responses are less well characterized in humans. Human B cells can undergo CD40-independent IgG and IgA production upon exposure to BAFF and APRIL, two CD40L-related molecules produced by various innate immune cells and stromal cells, including DCs, macrophages, and epithelial cells (18, 20, 21) . Tonic release of BAFF by innate and stromal cells is thought to provide survival signals essential for the homeostasis of the peripheral B cell compartment (70 -72) . In the presence of microbial TLR ligands, innate and stromal cells further up-regulate the release of BAFF as well as that of APRIL and thereafter acquire CSR-licensing functions (18, 20, 21, 51) . Ultimately, BAFF and APRIL trigger CSR by engaging the transmembrane activator, calcium modulator, and cyclophilin ligand interactor (TACI), a receptor expressed on the surface of B cells (73) (74) (75) (76) . In humans, the key in vivo role of BAFF and APRIL is clearly documented by recent evidence showing that patients expressing TACI mutants develop selective IgA deficiency or common variable immunodeficiency, a disorder associated with impaired IgM, IgG, and IgA production (77, 78) . Despite these studies, the role of BAFF and APRIL in mucosal Ab responses remains unclear.
We found that mDCs from the upper respiratory mucosa produced BAFF and closely interacted with B cells. Interestingly, these mucosal mDCs were also in close contact with pDCs, a DC subset with professional IFN-␣-producing activity (23) . Similarly as mDCs, mucosal pDCs expressed BAFF, suggesting that TI IgG and IgA responses require a close cooperation between distinct DC subsets. Consistent with this possibility, mDCs up-regulate the release of BAFF upon exposure to paracrine IFN-␣ (18) . As shown by others (33) , mDCs contained abundant TLR3 and up-regulated the production of BAFF in response to viral dsRNA. In addition, viral dsRNA up-regulated mDC release of IL-10, a cytokine critically involved in class switching and Ab production (18, 20, 21, 84 -87) . By inducing BAFF and IL-10, viral dsRNA conferred CD40-independent IgG-and IgA-inductive properties to mDCs, further indicating that TLR3 may be involved in the initiation of TI class switching in the upper respiratory district.
In addition to mDCs, viral dsRNA activated upper respiratory mucosa B cells. Indeed, tonsillar B cells expressed TLR3 and underwent proliferation and CSR in response to dsRNA. This TLR3 ligand activated the transcription factor NF-B and thereafter initiated germline transcription of downstream C H genes, including C ␥ 1, in a CD40-independent fashion. Of note, activation of NF-B required TRIF but not MyD88, indicating that viral dsRNA stimulates class switching through a canonical TLR3-dependent pathway. In the presence of IL-10, dsRNA also triggered AID expression and CSR as well as IgG and IgA production. BAFF further increased IgG and IgA production by augmenting the survival of class-switched B cells generated by viral dsRNA and IL-10. In this regard it must be noted that, in addition to inducing class switching via TACI (18, 74) , BAFF delivers powerful survival signals via the BAFF receptor, also known as BR-3 (71) .
Interestingly, BAFF would also make upper respiratory mucosa B cells more responsive to viral dsRNA. Indeed, tonsillar B cells up-regulated TLR3 expression upon exposure to dsRNA. A similar effect was induced by other DC-derived stimuli, including IL-10 and IFN-␣. Consistent with this observation, both IL-10 and IFN-␣ were capable of enhancing the induction of IgA and/or IgG production by viral dsRNA.
Our data suggest that human B cells from the upper respiratory mucosa can undergo TI IgG and IgA production through an innate TLR3 pathway involving BAFF. Indeed, we detected abundant BAFF-producing mDCs and pDCs in the subepithelial area of the tonsillar mucosa. These BAFF-producing DCs were in close proximity with IgG ϩ and (not shown) IgA ϩ B cells expressing AID, pTLR3, hallmarks of ongoing CSR and active TLR3 signaling, respectively (56, 58) . These recently classswitched B cells were conserved in the subepithelium of HIGM patients with CD40 signaling defects. The mucosa-associated lymphoid follicles from the same patients lacked IgG, IgA, and AID expression as well as recognizable GCs, further confirming the TI nature of subepithelial IgG and IgA responses.
These findings are consistent with prior observations showing that IgG and IgA Abs are still detectable in the circulation of HIGM patients with defects in CD40 signaling (79) . We argue that some of these Abs may originate from mucosal TI responses involving TLRs, including TLR3. More generally, the present and previous data (20, 21) indicate that, similar to CD40-deficient mice (80), CD40-deficient humans partially retain TI IgG and IgA responses in the mucosal lymphoid tissue. As indicated by recent studies conducted in mice (81) (82) (83) , such TI Ab responses may generate limited affinity maturation and immune memory and may therefore confer some degree of immune protection not only against against commensals, but also against some pathogens.
In conclusion, we propose that RNA viruses trigger frontline TI IgM production as well as class switching by stimulating mucosal B cell subsets through a TLR3-dependent pathway involving multiple innate signals including BAFF. Unmutated and/or mutated IgM, IgG, and IgA Abs produced through this TI pathway could limit viral penetration across mucosal surfaces by neutralizing conserved conformational or linear epitopes embedded within envelope glycoproteins (16) . It is tempting to speculate that such TI Ab responses contribute to the innate resistance of certain subjects to a highly infectious RNA virus such as HIV (88) .
